Purpose The cradle-to-gate water scarcity footprint (WSFP) of primary aluminium has been determined for global aluminium including China (GLO) and global aluminium excluding China (RoW). It consists of the following:
-the direct WSFP, based on the freshwater consumption data collected by the IAI from global bauxite mines, alumina refiners and aluminium smelters and the local water scarcity index (WSI) of each plant, and -the indirect WSFP which has been calculated using data collected by thinkstep on the freshwater consumption of the different ancillary materials, of the fuel and of the electricity needed for the production of alumina and aluminium and the relevant water scarcity indexes.
Methods The calculation of the direct WSFP follows the requirement of ISO 14046 to aggregate data of sites at locations with different water scarcity after multiplication with the local water scarcity index. For the indirect WSFP, regional averages of the water consumption and water scarcity index were used for an initial screening study to determine fields for further investigation.
Results of this study demonstrate that data on evaporation of water from reservoirs of hydropower plants has an extremely high contribution to the indirect WSFP of primary aluminium (79 % of the GLO value and 92 % of the RoW value).
Therefore, a plant-by-plant approach was applied for hydropower which considers the net freshwater consumption of the hydropower reservoirs and uses the local water scarcity index of each power station, individually, for the calculation of the generic WSFP of the country or region. A special treatment has been given to some multipurpose reservoirs which typically have a beneficial effect on water scarcity, i.e. they have a negative WSFP if seasonal water scarcity indices are used. Results and discussion With this approach, the WSFP of primary aluminium has been calculated as follows:
-18.2 m 3 H 2 Oe./tonne for global primary aluminium (GLO); -9.6 m 3 H 2 Oe/tonne for global primary aluminium, excluding China (RoW).
Introduction
Historically, water scarcity has not been considered as an impact category in LCA studies. Data on water inputs and water outputs were collected on the inventory level, but they were not subject of impact assessment. Since then, water assessments including impact assessment in a LCA context gained much more attention (see Bayart et al. 2010) , and there is a large activity in this field including many case studies (see Tillotson et al. 2014 for examples). A recent highlight in these developments was the publication of an ISO standard specifically dedicated to water footprint assessment (ISO 14046 ).
An important starting point in water footprint assessments on the inventory level is freshwater consumption, also termed consumptive freshwater use, which is defined as Buse of freshwater when release into the original drainage basin does not occur because of evapotranspiration, product integration or discharge into different drainage basins or the sea^ (Bayart et al. 2010) . Freshwater consumption is quantified in volume units, typically litres or cubic metres.
Based on generic water consumption data, life cycle inventory assessments have been performed, e.g. for cars (Bras et al. 2012) which demonstrate that there is significant variability in such generic data depending on the data source. For primary aluminium, calculation of both the water consumption (inventory) and water footprint (impact) is highly sensitive to the treatment of the electricity supply of the aluminium smelters, typically 14 kWh per kg of primary aluminium, which is mainly produced by hydropower plants. Data about freshwater consumption of power plants is available in the published literature. As an example, the average water consumption by evaporation of 35 selected hydropower plants has been determined as 86 m 3 /GJ or 24 L/kWh (Mekonnen and Hoekstra 2012) . Other practitioners (Wilson et al. 2012) published data about the freshwater consumption of the different types of power plants in North America, showing that hydropower is the most important freshwater consumer.
Recently published studies on water consumption of hydropower plants have been criticised (Bakken et al. 2013) , as not reflecting Btrue^water consumption from hydropower plants and the beneficial effects of many reservoirs.
The dominant calculation method, i.e. gross evaporation from the reservoir divided by the annual power production, appears to be a too simplistic calculation method that possibly produces a biased picture of the water consumption of hydropower plants, by not considering the water lost by evaporation and transpiration before reservoir impoundment. Furthermore, it is argued that reservoirs are not always part of the problem; on the contrary, they often contribute to the solution of the problems of water scarcity.
The publication of ISO 14046 in 2014 has delivered a definition of the impact category Bwater scarcity^. The local water scarcity index divided by the global average water scarcity index can be used as a characterisation factor to calculate the indicator result of the impact category Bwater scarcity^which is named Bwater scarcity footprint (WSFP)^.
In a frequently used approach (Pfister et al. 2009 ), the local water scarcity index (WSI) is based on the ratio of water withdrawal to water availability, but considers also the seasonality in the relevant region, e.g. monsoon. The WSI lies between 0.01 (wet area) and 1 (dry area) which allows the distinction between dry areas and areas with abundant water on a fair basis.
2 Objective of the study and description of the method
General
This paper outlines a study to determine the WSFP of primary aluminium, globally, based on a cradle-to-gate system, as illustrated in Fig. 1 . The system encompasses all production processes from bauxite mining to ingot production, including their fuel consumption, the production of ancillary materials and the generation of electricity consumed as well as all transportation of intermediate products and ancillaries.
The study intends to be in compliance with the guidance given in ISO 14046 to calculate the WSFP for single processes, sites, systems of sites and systems of processes, including product systems.
Life cycle inventory data, including data on water consumption, has been collected by the International Aluminium Institute (IAI) for the year 2010 from aluminium plants worldwide. In addition to the WSFP, other mid-point indicator results have been determined for the same system, based on these data, namely depletion of fossil energy resources, global warming potential, acidification potential, eutrophication potential, ozone depletion potential and photo-oxidant creation potential (IAI 2014) .
The seven indicator results can be considered as a life cycle impact assessment (LCIA) profile of global primary Fig. 1 Direct, indirect and cradle-to-gate water scarcity footprint of primary aluminium ingots aluminium, in alignment with published guidance for conducting LCAs for metals and metal products (PE International 2014) . This means that the study which is reported here is part of a more comprehensive study to determine the environmental impacts of global primary aluminium, cradleto-gate. Therefore, no additional effort has been made to determine or to evaluate data on water degradation.
The parameters of the LCIA profile have been calculated for global aluminium production including China (GLO) and for the rest of the world excluding China (RoW). This is to take into account the fact that Chinese primary aluminium is less integrated into the global market.
Procedure on how to determine the freshwater consumption of aluminium plants
In order to calculate the water scarcity footprint of a plant, its freshwater consumption has to be determined.
A plant typically measures its annual freshwater input by summing the water which is supplied by external suppliers via water pipes, from site-owned groundwater sources or from rivers or lakes.
The water output in sewage pipes typically consists of polluted wastewater, process water including cooling water and rain water. Rain water input can be calculated as the local annual precipitation per m 2 multiplied by the area of the plant (in m 2 ). However, only a part of the rain water input leaves the plant through sewage pipes, another significant proportion evaporates within the area of the plant.
According to ISO 14046, only the additional water evaporation of the plant area which is caused by human intervention, i.e. the construction of the plant, contributes to freshwater consumption. For the purpose of this study, it is assumed that evaporation from the plant area does not differ from the evaporation from this area before the plant has been built and therefore this evaporation is not taken into account.
According to ISO 14046, freshwater consumption of aluminium plants includes the following: -evaporation of water by cooling processes (all plants have such processes except bauxite mines) -direct discharge of water into the sea (only applicable to plants directly located at the seashore) -inclusion of water in bauxite which is shipped to customers (only applicable to bauxite mines) -inclusion of water in bauxite residue followed by evaporation at the disposal area (only applicable to alumina refineries)
Consequently, the freshwater consumption of a plant can be calculated as follows:
where C n is the annual freshwater consumption of this plant I n is the annual water input to the plant D n is the annual water discharge from the plant D r,n is the annual rainwater discharge as part of the water discharge D p,n is the water included in the product which is annually supplied (only for bauxite mines) D s,n is the water directly discharged into the sea All data are measured in cubic metres (m 3 ). The rainwater discharge as part of the water discharge is calculated as follows:
where A n is the area of this plant in m 2 P n is the precipitation within the reporting year per m 2 E n is the annual water evaporation rate at the location of the plant within the reporting year per m 2
In the IAI's LCI survey for 2010 data, separate figures were reported for Bwater outputs from cooling use^and Bwater outputs from other uses^, with the exception of bauxite mines. For the calculation of the water scarcity footprint, emissions to water are not considered, as they are dealt with in other impact categories. Therefore, both water outputs were added together to obtain the water output D n .
How to determine the direct WSFP of primary aluminium
ISO 14046, subclause 5.3.2, states that:
Water inputs or water outputs of different resource types, different quality, different form, different location with different environmental condition indicators or different timing shall not be aggregated in the inventory phase. Aggregation may be performed at the impact assessment phase.
As averaging includes aggregation, Bconventional^aver-aging of freshwater consumption on the inventory level, as used for other LCI data, is not permitted for the determination of the water footprint, if the relevant sites are located in areas with different water scarcities. Therefore, for the purpose of this study, global averages of the water consumption of the aluminium plants have not been calculated.
The annual water scarcity footprint of a plant n is calculated as follows:
where WF Sc,n is the water scarcity footprint of the plant n, measured in L H 2 Oe (litres water equivalents) or m 3 H 2 Oe. C n is the annual freshwater consumption of this plant, i.e. the quantity of water which has evaporated, integrated into sold products or waste or directly released into the sea. CF Sc,n is the water scarcity index of the location where the plant operates. CF Sc,Glo is the average global water scarcity index, i.e. 0.6.
For each site, the water scarcity index is determined via a software based on Google Earth, which is based on Pfister et al. (2009) and can be downloaded through the link http:// www.ifu.ethz.ch/ESD/downloads/EI99plus followed by clicking the option BFreshwater consumption impact factors^(kmz-file).
The direct WSFP per tonne of all reporting bauxite mines is determined by the following:
where ∑WF Sc,Bauxite,n is the sum of all WSFPs of the bauxite mines considered ∑P Bauxite,n is the total bauxite production of the reporting bauxite mines, in tonnes
The average direct WSFP of the reporting alumina plants per tonne of alumina, i.e. WF SC,Alumina , and of the reporting aluminium smelters per tonne of primary aluminium ingots, i.e. WF SC,Smelters , is determined in the same way. The smelter includes the processes electrolysis, anode production and ingot casting.
Using one tonne of primary aluminium ingot as the reference flow, the direct WSFP is calculated as follows: Fig. 1 , in the same way as for the direct flows, i.e. by use of the plant-by-plant approach according to ISO 14046. However, the practical implication of this ISO requirement is hard to meet for data providers, as many aggregated material and energy flows consist of thousands of subprocesses, and the specific location (beyond country level) for each processes has to be known. Therefore, in order to find out to which extent and for which processes further investigation is required, it was decided to conduct a screening assessment (Approach 0) based on the available aggregated average data on national level from the database of the data provider to determine the indirect WSFP of primary aluminium.
The contributions of transport, ancillary materials and fuels production to the indirect WSFP of one tonne of primary aluminium is shown in Table 1 . The total contribution of these flows is 1.9 m 3 H 2 Oe per tonne (51 % from fuel, 40 % from ancillaries and 9 % from transports).
The contribution of smelter-consumed electricity generation to the indirect WSFP of primary aluminium is based on global energy consumption, power mix and aluminium production data collected and published by the IAI (International Aluminium Institute 2013). The smelters were grouped regionally, i.e. Africa, Asia excl. China, GCC (Arabian Gulf), China, North America, South America, Europe and Oceania, in accordance with the IAI's statistical groupings. This allows calculation of the contribution of each region to the global total or for a single tonne of primary aluminium.
The data provider determined the WSFP parameters for each global region and for each energy source, based on the average water consumption of the power plants of the different energy sources in the relevant region and the average water scarcity index of that region. The WSFP value for gas-fired power plants in the GCC area was assumed to be zero, because the power plants in this area are only using desalinated water, and sea water consumption is not included in the water consumption.
Results are shown in Table 2 . The third and fourth column of this table show total annual electricity consumption of the reporting smelters from the different energy sources for the year 2012. These data are published by the IAI under http://www.world-aluminium. org/statistics/primary-aluminium-smelting-powerconsumption/#data. In the third column showing the RoW data, Chinese data are replaced by zeros.
The 5th and 6th column show the electricity contributions per tonne of primary aluminium in kWh/t, i.e. the average contributions of the different countries making up the regions and electricity sources to the production of one tonne of generic primary aluminium. The sum of all these figures is 15,392 kWh/tonne which is the global average electricity consumption of smelters, including electrolysis, anode production and ingot casting, for the production of one tonne of primary aluminium, based on the data of 2010 (International Aluminium Institute 2013). The 7th column shows the WSFP parameters of the different forms of electricity, measured in litres water equivalents/kWh (L H 2 Oe/ kWh), as determined by the data provider, by multiplying the average water consumption per kWh by the average WSI of the region, according to Approach 0. From this, the WSFP parameters for the different contributions of electricity for the production of one tonne of primary aluminium are calculated.
A summary of the results of the preliminary screening assessment is given in Table 3 . In addition to the smelter electricity, Table 3 includes the electricity consumption at the bauxite mines and the alumina refineries as Bother electricity^.
According to this preliminary screening assessment using Approach 0, the contribution of the electricity from hydropower to the total of the indirect WSFP is very high, i.e. 79 % for GLO and 92 % for RoW.
Choice of the procedure to determine the indirect WSFP of primary aluminium
According to Approach 0, the WSFP of hydropower is based on the average water evaporation of reservoirs and the average water scarcity index (WSI) values of the relevant region, e.g. 0.50 for North America. However, such reservoirs, if they are built for the generation of hydroelectricity, are typically located in areas with abundant water, i.e. with WSI values much lower than the national average of the country.
Therefore, it was decided to apply, as a first step, the plantby-plant approach for the calculation of the WSFP of the electricity from hydropower. In order to be compliant with ISO 14046, the WSFP values for the other material and energy flows, as shown in Tables 1 and 2 , should have been calculated by use of the plant-by-plant approach, as well. However, due to the complexity of such an investigation (according to EEA 2015 more than 3500 combustion plants with a rated thermal input equal to or greater than 50 MW exist in the EU28 alone) compared to a lower contribution of these processes to water consumption, such a more detailed approach has to be left for future studies. The plant-by-plant approach to determine the generic WSFP per kWh hydropower in specific countries or regions was applied in the same way as for the determination of the direct WSFP of the aluminium plants:
1. Specify the country/region for which the generic WSFP value of hydropower plants for primary aluminium should be determined; 2. Collect specific net freshwater consumption data of selected hydropower plants in this country/ region; 3. Determine the WSFP for each of the hydropower plants in the selected country/region by multiplying its net freshwater consumption by its local water scarcity index; 4. Add up the WSFP values for the different hydropower plants to obtain a total WSFP; 5. Divide the total WSFP by the total annual electricity production of these sites.
A special effort has been made to make sure that the net water consumption has been determined for each hydropower plant, after deduction of the evaporation of the surface of the reservoir before the reservoir has been built.
Specific countries or regions with a significant use of hydropower for aluminium production were selected: Brazil, Venezuela, USA (NW and NE), Canada (Quebec), China, Iceland, Norway, Sweden, Siberia, Australia, Egypt, Ghana, Cameroon and Mozambique.
For each country/region, a number of large hydropower reservoirs have been selected in order to obtain representative results.
The hydropower study was undertaken by the same data provider as the preliminary screening assessment. Some of the hydropower reservoirs which were considered in the study were located in dry areas and were multifunctional, i.e. they contributed, in addition to the generation of electricity, to the water supply of households and irrigation and in some cases to flood control. For such reservoirs, two different approaches were explored: -Approach I: no consideration of multifunctionality, i.e. allocation of the whole water consumption to the generation of electricity; -Approach II: consideration of multifunctionality.
Results

The direct WSFP of primary aluminium
The direct WSFP parameters of primary aluminium for GLO and RoW are shown in Table 4 . Within the LCI 2010 survey of the IAI, no data from Chinese plants was reported. The WSFP data for China has been determined by assuming the same freshwater consumption of alumina refineries as RoW refiners, but taking into account the higher water stress indices of the Chinese refineries.
The main contribution to WSFP is from refineries, where a significant part of the water is used for bauxite digestion and in its final form becomes part of bauxite residue and eventually evaporates after disposal.
3.2 The WSFP of hydropower plants according to Approach I Table 5 shows the results for the different countries which have been considered. It can be seen that in most of the countries, the WSFP is below 0.5 m 3 H 2 Oe/MWh, with the exception of China, Australia and Egypt where reservoirs include multifunctional ones.
The detailed analysis of the selected hydropower plants in Canada/Quebec is given in the Electronic Supplementary Material.
The WSFP of hydropower plants according to Approach II
The three Australian reservoirs (Tumut 3 and Murray 1 and 2) which contributed to a high WSFP in Table 5 were identified as multifunctional reservoirs belonging to the Snowy Mountains scheme which also serves for irrigation. The Egyptian Aswan reservoir has also been built mainly for irrigation and flood control. Before this dam was built, the Nile river basin was flooded every year between June and October for a length of 1000 km causing significant evaporation. As for China, 1 from 10 reservoirs has been identified to be clearly multifunctional.
If a reservoir also serves for irrigation and domestic water supply, it typically collects water in the rainy season and releases water in the dry season, in quantities which are often two orders of magnitude higher than the evaporation losses. If the WSFP of such a reservoir is calculated by use of monthly WSI parameters (Pfister and Bayer 2014) , i.e. a WSI close to one in the dry season and a lower WSI in the wet season, then typically a negative WSFP results, demonstrating the positive effect of the reservoir related to water scarcity. Therefore, in such cases, it is not appropriate to assign a positive WSFP value to the generation of hydropower. Consequently, for the Approach II, the WSFP values have been changed to zero for multifunctional reservoirs. The new values are shown in Table 6 .
WSFP of primary aluminium based on the different approaches
Using the data submitted by the data provider, the WSFP values of primary aluminium, cradle-to-gate, are shown in Table 7 according to Approach I and Approach II. It can be seen that the electricity supply, especially hydropower, still constitutes around 80 % of the total impact. Table 7 also shows that the WSFP values are significantly lower when using Approach II. For RoW, the total WSFP is 9.6 m3 H2Oe per tonne of primary Al instead of 25 m 3 H2Oe per tonne of primary Al and the contribution of the hydropower supply is only 20 % instead of 70 %. Table 8 and Fig. 2 give an overview of WSFP results based on the different approaches (GLO, RoW, Approach 0, Approach I, Approach II) and the contribution of the direct WSFP of hydropower and the other indirect WSFPs.
As discussed in 4.2, 4.3 and 4.4, Approach II can be considered as the preferred option. Table 9 and Fig. 2 show the results only for this option.
Assuming that Approach II is the most reasonable one, Table 9 shows the final results for GLO and RoW. The highest contribution to the indirect WSFP is from the electricity supply to the smelters.
The quality of the GLO data, especially the representativeness, could be improved in the future with more direct water consumption data from Chinese plants. 
Discussion
As demonstrated, it is very important to apply the plant-byplant approach to calculate the WSFP of primary aluminium and for electricity in general. However, for the calculation of the indirect WSFP of primary aluminium, the necessary data are not readily available, and a significant effort was necessary to apply this approach for the hydropower generated supply of electricity to aluminium smelters. However, the WSFP parameters related to electricity supply still are high. As shown in Table 7 , in Approach II, the contribution of smelter electricity is 78 % for GLO and 69 % for RoW. This is caused by a high contribution of the WSFP of the electricity production from coal (66 % for GLO and 35 % for RoW). Obviously, the plant-by-plant approach has not been used for the calculation of the WSFP of coal energy. The next step is to refine the results of this study by applying the plantby-plant approach to coal-fired power plants, as well.
As for the electricity from gas-fired power plants, it has been taken into account that 90 % of this electricity is generated in the Arabian Gulf area where these plants use desalinated water. As only freshwater consumption contributes to the WSFP, the freshwater consumption of these power plants has been assumed to be zero. Validation of this assumption could be achieved with further studies on the individual gasfired power plants in the Gulf area.
The WSFP values of the hydroelectric plants in the different countries/regions also need further refinement and, in particular, the calculation of the net water consumption and the inclusion of additional reservoirs in order to increase the representativeness. A special effort is needed to determine the multifunctional reservoirs and to calculate the real WSFP by use of seasonal WSI values.
The WSI values used for this study are calculated for each site according to the ratio water withdrawal vs water availability and further considerations. In the literature, alternative approaches to calculate WSI values are also presented (Boulay et al. 2011; Hanasaki et al. 2008) . The adoption of an alternative approach, e.g. WSI values based on the ratio of freshwater consumption vs water availability, would result in different WSFP parameters for primary aluminium.
This study calculated the direct WSFP of primary aluminium, based on global aluminium data as collected by the IAI for the year 2010. The best available data was used, but there is potential to further improve data quality. A revision of the direct WSFP data will take place based on a new LCI survey for the year 2015.
Knowing all these uncertainties, a quantification of the data quality has not been undertaken, as the main objective of this paper was to demonstrate a consistent model in accordance with ISO 14046. Future surveys based on the findings of this study will allow a more robust assessment of uncertainties.
Conclusions
It has been shown in this report that it can be very important to calculate WSFP parameters by using the Bplant-by-plant approach^based on ISO 14046 where the aggregation of site specific data is only allowed after impact assessment. Therefore, default water assessment values based on averages which are used in LCA databases should be used for screening purposes only. Where hotspots are detected and more detailed data is available, in depth analysis will improve the quality of results significantly. Further efforts are necessary to make sure that the requirements of ISO 14046 can be met in practice and to calculate parameters in accordance with this standard. Especially, the data on electricity supply which is a major contributor to the WSFP needs special consideration.
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